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The genus Pestivirus of the family Flaviviridae comprises four species, namely Bovine viral diarrhea virus-1 (BVDV-1),
BVDV-2, Border disease virus (BDV), and Classical swine fever virus (CSFV). Comparative analyses of partial sequences have
suggested that pestivirus isolates from giraffe (Giraffe-1) and reindeer (Reindeer-1) are distinct from the established species
(Becher et al., Virology 262, 64–71, 1999). In this study, we report the complete genomic sequences of pestivirus strains
Giraffe-1 and Reindeer-1. Comparative sequence analyses revealed considerable differences among Giraffe-1, Reindeer-1,
and the currently recognized pestivirus species. Phylogenetic analysis of the complete coding sequences of these two
strains, along with 13 other sequences representing the four established species, indicated that CSFV, BDV, and Reindeer-1
have bifurcated from one common branch and BVDV-1 and BVDV-2 from another. In the former branch BDV and the pestivirus
from reindeer are more similar to each other than to CSFV. The giraffe pestivirus is equally distinct from both major branches.
In addition, the antigenic relatedness of pestivirus isolates covering the observed major genetic groups was studied by
cross-neutralization assays. A clustering procedure on the basis of antigenic differences indicated the presence of six major
groups corresponding to the genetically defined groups. Taken together, the results of our analyses addressing both
nucleotide sequence relatedness and serological relatedness argue for the inclusion of Giraffe-1 and Reindeer-1 as the first
members of two separate novel species within the genus Pestivirus. © 2001 Academic Press
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sINTRODUCTION
The genera Pestivirus, Flavivirus, and Hepacivirus con-
stitute the family Flaviviridae. For the genus Pestivirus the
fficial nomenclature considers four species, namely Bo-
ine viral diarrhea virus-1 (BVDV-1), BVDV-2, Classical
wine fever virus (CSFV), and Border disease virus (BDV)
Heinz et al., 2000). Pestiviruses are important pathogens
f cattle, sheep, and pigs and cause significant eco-
omic losses worldwide. Pestivirus infections can have
ifferent consequences, such as fertility problems, im-
unosuppression, diarrhea, thrombocytopenia, and, fre-
uently, inapparent courses (Baker, 1987; Thiel et al.,
996). In pregnant animals, transplacental infection can
ead to abortion, stillbirth, malformation, and persistent
nfection of the offspring.
The genomes of pestiviruses are positive-stranded
onpolyadenylated RNAs, usually with a length of ap-
roximately 12.3 kb. The genomic RNA contains one
ontinuous long open reading frame flanked by 59 and 39
ontranslated regions (NTR) (Becher et al., 1998; Collett
t al., 1988; Meyers et al., 1989; Ridpath and Bolin, 1995).
n the virus-encoded polyprotein, the viral proteins are
rranged in the following order (from the N to the C
erminus): Npro, C, Erns, E1, E2, p7, NS2-3, (NS2, NS3),
1 To whom reprint requests should be addressed at Institut fu¨r
irologie (FB Veterina¨rmedizin), Justus-Liebig-Universita¨t Giessen,f
rankfurter Strasse 107, D-35392 Giessen, Germany. Fax: 49 641 99
8359. E-mail: paul.becher@vetmed.uni-giessen.de.
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456NS4A, NS4B, NS5A, NS5B [reviewed in (Thiel et al.,
1996)]; the abbreviation Npro refers to an N terminal au-
oprotease, and Erns (ribonuclease secreted) refers to a
lycoprotein with ribonuclease activity. The structural
roteins are represented by the capsid protein C and
hree envelope proteins (Erns, E1, and E2). The remaining
proteins are presumably nonstructural (NS). Two bio-
types of pestiviruses, cytopathogenic (cp) and noncyto-
pathogenic (noncp) viruses, are distinguished by their
ability to cause a cytopathic effect (CPE) in tissue culture.
Pestivirus species demarcation considers several pa-
rameters and their relationship to the type viruses of the
species (Heinz et al., 2000). Nucleotide sequence related-
ness is an important criterion for classification of pestivi-
ruses. With respect to complete genomic sequences, the
established pestivirus species differ from each other by at
least 25% (Becher et al., 1998). In addition to sequence
elatedness, pestivirus species can be differentiated by
eactivity with defined serological reagents including bind-
ng assays with monoclonal antibodies and cross-neutral-
zation tests with polyclonal antisera (Becher et al., 1995;
ekker et al., 1995; Paton et al., 1995). In neutralization
ssays, antisera generated against a given pestivirus strain
enerally exhibit a several-fold higher titer against viruses
rom the same species than against viruses from heterolo-
ous pestivirus species. Differences in natural host range,
isease, and pathology may represent additional criteria for
pecies demarcation.Traditionally, pestiviruses are named after the host
rom which they were isolated and the diseases they
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457TWO NOVEL PESTIVIRUS SPECIEScause. Under natural conditions CSFV infections have
been found exclusively in pigs. In contrast, the host
range of BVDV and BDV is not restricted to cattle and
sheep, but includes a wide range of hosts within the
Artiodactyla (Becher et al., 1997, 1999b; Doyle and Heus-
chele, 1983; Hamblin and Hedger, 1979; Nettleton, 1990;
Plowright, 1969). Comparative genetic analyses of pesti-
virus isolates from numerous ungulate species indicated
that wild ruminants may harbor pestiviruses distinct from
the established pestivirus species (Becher et al., 1997,
1999b). Interestingly, a pestivirus isolate from giraffe (Gi-
raffe-1) (Plowright, 1969) is clearly different from all other
described pestiviruses (Becher et al., 1997, 1999b; Hara-
sawa et al., 2000; van Rijn et al., 1997) and therefore has
been recently included as a tentative species within the
genus (Heinz et al., 2000). Furthermore, comparative
analysis of partial nucleotide sequences revealed that
pestivirus isolates from reindeer (Reindeer-1) and bison
represent either a distantly related subgroup of BDV or
an additional species within the genus Pestivirus
(Becher et al., 1999b). It is not known whether Giraffe-1
and Reindeer-1 can infect other animal species under
natural conditions.
In this study, we report the complete genomic se-
quences of pestivirus isolates Giraffe-1 and Reindeer-1.
Comparison of the genomic sequences with other avail-
able full-length pestivirus sequences together with the
results of a cross-neutralization study led to the sugges-
tion that virus strains from giraffe and reindeer be estab-
T
Length of Genome, Polyprotein, a
Species Strain Accession No.
Genomea
number of nt
P
n
BVDV-1 NADL M31182 12,578 (12,308)c 3
SD-1 M96751 12,308 3
Oregon AF091605 12,310 3
Osloss M96687 12,494 (12,266)c 3
CP7 AF220247 12,294 (12,267) 3
VDV-2 890 U18059 12,513 (12,285) 3
SFV Alfort-T J04358 12,297 3
Brescia M31768 12,295c 3
C-strain Z46258 12,311 3
BDV X818 AF037405 12,333 3
Reindeer-1 AF144618 12,318 3
Giraffe-1 AF144617 12,602 (12,308) 3
a Numbers in parentheses indicate the length of the genome witho
nserted viral sequences (BVDV-1 CP7, BVDV-2 890).
b Numbers in parentheses indicate the length of the polyprotein with
inserted viral sequences (BVDV-1 CP7, BVDV-2 890).
c Including sequence deposited in GenBank and additional nt at th
Moormann et al., 1996 (BVDV-1 Osloss, CSFV Brescia).lished as members of two separate novel species within
the genus Pestivirus.
n
lRESULTS AND DISCUSSION
Complete genomic sequences of pestivirus strains
Giraffe-1 and Reindeer-1
Complete genomic sequences are available for
BVDV-1, BVDV-2, BDV, and CSFV (for references see
Table 1). For pestivirus strains Giraffe-1 and Reindeer-1,
the sequences encoding Npro and E2 have been reported
previously (Becher et al., 1997, 1999b). The remaining
arts of the genomic sequences of Giraffe-1 and Rein-
eer-1 were determined by an RT-PCR-based cloning
trategy combined with nucleotide sequencing of cloned
ubgenomic cDNA fragments (for details see Materials
nd Methods). The 59 and 39 sequences were deter-
ined by an RNA ligation method (Becher et al., 1998).
fter ligation of the respective viral genomic RNA pre-
ared from infected cells, a nested RT-PCR assay was
erformed. All sequences were determined by sequenc-
ng at least three independent cDNA clones. The ob-
ained genomic and deduced amino acid sequences of
iraffe-1 and Reindeer-1 were aligned with full-length or
lmost entirely determined genomic sequences of other
estiviruses (data not shown).
The genomic sequence of Reindeer-1 comprises
2,318 nucleotides containing one large open reading
rame which encodes a polyprotein encompassing 3895
mino acids. Accordingly, the length of the polyprotein
ncoded by Reindeer-1 is very similar to that of most
ther noncp pestiviruses (Table 1). In contrast, the ge-
Rs of Different Pestivirus Strains
einb
of 59 NTR
number of nt
39 NTR
number of nt References
98) 385 226 Collett et al., 1988
385 226 Deng and Brock, 1992
385 228
99) 381 185 De Moerlooze et al., 1993
98) 382 188 Becher et al., 2000
97) 385 206 Ridpath and Bolin, 1995
372 228 Meyers et al., 1989
372 226 Moormann et al., 1990
373 241 Moormann et al., 1996
372 273 Becher et al., 1998
370 260 This study
91) 382 250 This study
ular sequences (BVDV-1 NADL, BVDV-1 Osloss, Giraffe-1) or without
llular sequences (BVDV-1 NADL, BVDV-1 Osloss, Giraffe-1) or without
d/or 39 terminus reported by Brock et al., 1992 (BVDV-1 NADL), andABLE 1
nd NT
olyprot
umber
aa
988 (38
898
898
975 (38
907 (38
973 (38
898
898
898
895
895
989 (38
ut cell
out ceome of pestivirus strain Giraffe-1 is 12602 nucleotides
ong and thus about 300 nucleotides longer than the
risks).
458 AVALOS-RAMIREZ ET AL.genomic sequences of noncp pestiviruses; the open
reading frame of Giraffe-1 encodes 3989 amino acids.
The observed size difference between the genome of cp
pestivirus strain Giraffe-1 and noncp pestiviruses is
mainly due to an insertion of 294 nucleotides within the
NS2 coding region; this insertion is almost identical to
the cellular insertion described for several cp pestivirus
strains including BVDV-1 NADL as well as two cp BDV
strains (Becher et al., 1996; Meyers et al., 1990). Com-
pared with the sequence of BVDV-1 NADL, the insertion
of Giraffe-1 is 24 nucleotides larger and occurred 9
nucleotides upstream (data not shown). An alignment of
the deduced amino acid sequences of the insertions of
Giraffe-1 and BVDV-1 NADL together with the respective
bovine mRNA sequence is shown in Fig. 1.
Comparison of the polyprotein sequences of Giraffe-1
and Reindeer-1 with the respective sequences of
BVDV-1, BVDV-2, BDV, and CSFV revealed a high degree
of homology at the predicted cleavage sites, suggesting
that processing of the polyprotein occurs at conserved
locations (data not shown). It has been reported for two
BDV strains that the P19 position of the predicted
NS5A/5B cleavage site is represented by an asparagine
residue, while serine was found for all BVDV-1, BVDV-2,
and CSFV strains analyzed so far (Becher et al., 1998).
P19 of the predicted NS5A/5B cleavage site of Giraffe-1
and Reindeer-1 is also represented by a serine residue.
Apart from the presence of cellular sequences in the
genomic sequence of Giraffe-1, the genome organization
of the pestiviruses from giraffe and reindeer is very
similar to that described for the established pestivirus
species. However, comparative sequence analysis re-
vealed interesting differences with respect to the non-
translated regions. The 59 NTR of Giraffe-1 is 382 nucle-
otides long, which is within the range reported for
BVDV-1 and BVDV-2 (381–385 nucleotides). In contrast,
the 59 NTR of Reindeer-1 comprises 370 nucleotides,
FIG. 1. Deduced amino acid sequences of a cDNA clone isolated f
Giraffe-1 and BVDV-1 NADL. Amino acid differences are indicated (aste
et al., 1996; Collett et al., 1988; Meyers et al., 1990).while those of BDV and CSFV have lengths between 372
and 373 nucleotides (Table 1). The 59 NTR of pestivirusesfunctions as an internal ribosome entry site that medi-
ates cap-independent translation of the viral polyprotein
(Lemon and Honda, 1997; Poole et al., 1995; Rijnbrand et
al., 1997). In addition, the 59 terminal sequence 59-GUAU
represents an essential element for efficient replication
of pestiviruses (Becher et al., 2000; Frolov et al., 1998).
Comparison of the 59 NTR sequences of Giraffe-1 and
Reindeer-1 with members of the four established pesti-
virus species revealed the presence of both highly con-
served and variable regions (data not shown). The 59
terminal 7 nucleotides as well as 18 nucleotides preced-
ing the initiation codon are identical among all pestivi-
ruses analyzed thus far.
With respect to the 39 NTR, different lengths have been
reported, namely 185–241 nucleotides for BVDV-1,
BVDV-2, and CSFV and 270–273 nucleotides for BDV
(Table 1). For Giraffe-1 the 39 NTR is 250 nucleotides
long, while the 39 NTR of Reindeer-1 consists of 260
nucleotides (Table 1). Accordingly, the 39 NTRs of Gi-
raffe-1 and Reindeer-1 are longer than the ones of
BVDV-1, BVDV-2, and CSFV, but shorter than the 39 NTRs
of BDV. An alignment of the 39 NTR sequences of se-
lected pestiviruses including Giraffe-1 and Reindeer-1
showed that a highly variable region following the trans-
lational termination codon leads to the observed size
differences (data not shown). In contrast, 70 nucleotides
at the 39 end form a highly conserved sequence element
for all pestiviruses. Taken together, comparative analysis
showed the presence of significant differences within
the 59 and 39 NTRs of pestivirus strains Giraffe-1 and
Reindeer-1 compared to the NTRs of the established
pestivirus species.
Phylogenetic analysis
The evolutionary relationship of several pestiviruses
including the established species and the strains Gi-
MDBK cDNA library (cINS) and of the insertions in the genomes of
The sequences of cINS and NADL were published previously (Becherrom anraffe-1/Reindeer-1 was estimated by phylogenetic anal-
ysis of both complete coding sequences and sub-
rior br
459TWO NOVEL PESTIVIRUS SPECIESgenomic regions encoding the individual viral proteins.
In addition to the pestivirus strains listed in Table 1, BDV
strain BD-31 (Ridpath and Bolin, 1997), BVDV-2 strain
C413 (GenBank Accession No. AF002227), and CSFV
strain Glentorf (GenBank Accession No. U45478) were
analyzed; the sequences reported for these strains en-
compass the complete coding regions, but lack several
nucleotides at the 59 and/or 39 end. Bootstrap resampling
of phylogenetic trees was carried out to test the robust-
ness of the observed clades. With respect to complete
coding sequences, bootstrap values obtained for the
single pestivirus species as well as for subgroups within
the species were 100%. The phylogenetic tree shows six
major branches corresponding to the pestivirus species
BVDV-1, BVDV-2, BDV, CSFV, and the pestivirus strains
from giraffe and reindeer (Fig. 2). BVDV-1 and BVDV-2
have bifurcated from a common branch and CSFV, BDV,
and Reindeer-1 from another. The pestivirus from giraffe
is equally distinct to both major branches. The sequence
of Reindeer-1 is more similar to that of BDV than to the
FIG. 2. Phylogenetic tree showing the genetic relationship of pest
sequences of pestivirus strains included in Table 1; the sequences of
taken from the GenBank data library (Accession Nos. U45478, U70263, A
and Reindeer-1 were generated in this study. Distances were calculate
the tree according to the neighbor-joining method (Felsenstein, 1993).
percentage of 1000 bootstrap replicates that support each labeled inteother pestivirus species. Furthermore, BVDV-1 and CSFV
can be subdivided into defined genetic subgroups, snamely BVDV-1 a and b and CSFV a and b, respectively
(Fig. 2). It should be noted that the limited number of
available complete coding sequences includes only
some of the pestivirus subgroups that have been identi-
fied by analysis of partial pestivirus sequences from a
larger collection of pestiviruses (Becher et al., 1999b).
Phylogenetic trees on the basis of subgenomic se-
quences encoding the individual viral proteins had topol-
ogies identical to the tree obtained with the complete
coding sequences; however, segregation of pestiviruses
into species and subgroups was supported by lower
bootstrap values (data not shown). The branching order
of phylogenetic trees based on complete and partial
deduced amino acid sequences was identical to that
based on the nucleotide sequences, but was also sup-
ported by lower bootstrap values (data not shown).
The individual pestivirus species and subgroups can
be identified by the branching order of phylogenetic
trees (Fig. 2). In addition to this method, sequences can
be compared by pairwise sequence similarity. For the
pro
trains. The dendrogram was constructed from the complete coding
lentorf, BVDV-2 C413, and BDV BD-31 (Ridpath and Bolin, 1997) were
27). The complete genomic sequences from pestivirus strains Giraffe-1
e Kimura two-parameter method (Kimura, 1980) and used to construct
lengths are proportional to genetic distances. Numbers indicate the
anch (Felsenstein, 1985; Hedges, 1992).ivirus s
CSFV G
F0022
d by th
Branchgenomic regions encoding N and E2 defined ranges of
equence divergence have been reported that corre-
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460 AVALOS-RAMIREZ ET AL.spond to the categories species, subgroup, and isolate
(Becher et al., 1999b). To define such ranges of sequence
similarity for the complete coding sequences, the re-
spective pairwise evolutionary distances were calcu-
lated. Considering the virus isolates Giraffe-1 and Rein-
deer-1 as separate species, the ranges of sequence
divergence were 3.9–13.4% between virus isolates of one
subgroup, 16.3–25.4% between subgroups, and 29.0–
45.5% between species (Fig. 3). It should be noted that
the distances between Reindeer-1 and BDV were 29.0–
29.4% and thus intermediate between the ranges calcu-
lated between subgroups and between the established
species including Giraffe-1 as member of a novel spe-
cies (36.1–45.5%). Accordingly, classification of Rein-
deer-1 either as member of a separate species or as a
subgroup of BDV would allow a clear separation of the
categories species, subgroup, and isolate (data not
shown).
Taken together, the topology of the phylogenetic tree
suggests the presence of six pestivirus species, namely
BVDV-1, BVDV-2, BDV, CSFV, Giraffe-1, and Reindeer-1
(Fig. 2). Classification by sequence similarity, however, is
consistent with segregation of pestiviruses into six spe-
cies as well as into five species (with the reindeer pes-
tivirus belonging to BDV). Accordingly, inclusion of addi-
tional parameters would be helpful, in particular for clar-
ification of the taxonomic status of Reindeer-1. As an
additional criterion for species demarcation, the anti-
genic relatedness of pestiviruses was studied.
Antigenic relatedness of pestiviruses by cross-
neutralization
The antigenic relatedness between members of the
genus Pestivirus has been the subject of several studies
ncluding the early demonstration of an antigenic rela-
ionship between BVDV and CSFV (Darbyshire, 1960) and
etween BDV and BVDV (Hamilton and Timoney, 1972).
erological assays, in particular cross-neutralization
ests, have been widely used to demonstrate similarities
s well as differences between pestiviruses (Dekker et
al., 1995; Howard et al., 1987; Paton et al., 1995; Pellerin
t al., 1994). In the present study, 10 pestivirus isolates
ncluding BVDV-1, BVDV-2, BDV, CSFV, Giraffe-1, and
eindeer-1 were compared in cross-neutralization tests.
FIG. 3. Ranges of pairwise evolutionary distances among species
(BVDV-1, BVDV-2, BDV, CSFV, Giraffe-1, Reindeer-1), subgroups, and
isolates of complete coding sequences of the 15 pestivirus strains
included in the dendrogram shown in Fig. 2.ntisera raised against (i) BVDV-1 strains NY-1 and C86,
ii) BVDV-2 strains Giessen-2 (Gi-2) and 890, and (iii)
a
wSFV strains Italy and Pader were available from previ-
us experiments. In addition, antisera were generated
fter infection of sheep with BDV strains X818 and L83/84
s well as pestivirus strains Giraffe-1 and Reindeer-1. To
nable comparison of antigenic and genetic relatedness
f pestiviruses, the complete E2 genes of BVDV-1 NY-1,
VDV-2 Gi-2, and CSFV strains Italy and Pader were
loned and subjected to sequence analysis. The E2
equences of the other pestivirus strains have been
eported previously and were taken from the GenBank
ata library (Becher et al., 1994, 1999b; Ridpath and
olin, 1995). Phylogenetic analysis of the E2 gene se-
uences revealed the segregation of pestiviruses into six
efined genetic groups (Fig. 4A).
The neutralizing capacity of each of the 10 antisera
as determined against each pestivirus isolate (Table 2).
he neutralizing antibody titers against members of het-
rologous pestivirus species were at least eightfold
ower than against members of the homologous species.
he giraffe pestivirus was not or only poorly neutralized
y the heterologous antisera employed in our study and
he antiserum against Giraffe-1 did not neutralize other
estiviruses. BVDV-1 and BVDV-2 were poorly or not
eutralized by antisera raised against CSFV, BDV, and
eindeer-1 (Table 2). Interestingly, BDV strains and CSFV
trains were moderately and to a similar extent neutral-
zed by the antiserum raised against Reindeer-1. Finally,
ntisera raised against BDV strains neutralized Rein-
eer-1 and CSFV strains to the same extent.
For further characterization of the antigenic related-
ess, the coefficient of antigenic similarity (R) was cal-
ulated for each pair of viruses (Table 3) (Archetti and
orsfall, 1950). Significant antigenic differences are indi-
ated by R values of #25 representing $4-fold differ-
nces in titers of homologous and heterologous antisera.
he R values were used to construct a dendrogram that
hows the antigenic relatedness of pestiviruses (Fig. 4B).
o estimate the similarity between groups of strains, the
espective correlation coefficients were averaged. The
endrogram shows that pestiviruses segregate into six
ajor antigenic groups corresponding to the genetically
efined major groups BVDV-1, BVDV-2, BDV, CSFV, Gi-
affe-1, and Reindeer-1 (Fig. 4). The R values between
hese major antigenic groups are ,8 (representing
12.5-fold differences in titers of homologous and het-
rologous antisera), while R values within a major group
re .24 (representing ,4.2-fold differences) (Table 3).
Furthermore, our analysis indicates significant anti-
enic differences between BVDV-1a strain C86 and
VDV-1b strain NY-1. In previous cross-neutralization
tudies similar differences have been observed between
VDV isolates (Dekker et al., 1995; Howard et al., 1987).
owever, the genetic relatedness of the virus isolates
sed in these studies was not known. Generation of
dditional antisera and subsequent serological assays
ith a panel of genetically defined BVDV-1 isolates will
not si
461TWO NOVEL PESTIVIRUS SPECIESshow whether the described segregation of pestivirus
species into subgroups generally correlates with signif-
icant serological differences. Such differences might be
important for the development of effective vaccines
against diseases caused by pestiviruses.
In the present study, pestivirus isolates from giraffe
and reindeer were characterized at the molecular level
including the establishment of complete genomic se-
quences. Comparative sequence analyses revealed sig-
FIG. 4. Genetic and antigenic diversity of pestiviruses. (A) Phylogene
from BVDV-1 C86, BVDV-2 890, BDV X818, and L83/84, Giraffe-1, and Rei
data library (Becher et al., 1994, 1999b; Ridpath and Bolin, 1995). The
generated in this study. Construction of the phylogenetic tree was done
distances. Numbers indicate the percentage of 1000 bootstrap replicate
(B) Dendrogram showing the serological relationships between the 1
coefficients of antigenic similarity between pairs of pestivirus strains (
values were averaged. R values of ,25 represent .4-fold differences
antigenic differences (Hubalek, 1982). R values of .25 are considered
T
Cross-neutralization Titersa of Antiser
Antiserum against strain NY-1 C86 890 Gi-2
BVDV-1 NY-1 4096 768 80 64
C86 40 128 10 8
BVDV-2 890 48 28 640 512
Gi-2 — — 192 192
CSFV Italy — — — —
Pader — — — —
BDV X818 28 20 — —
L83/84 14 — — —
Reindeer-1 — — — —
Giraffe-1 — — — —
a Reciprocal of the highest dilution of serum capable of completely neutraliz
boldface; —, titer ,8.nificant differences among Giraffe-1, Reindeer-1, and the
currently recognized pestivirus species BVDV-1, BVDV-2,
BDV, and CSFV. The results of our analyses which ad-
dressed both sequence relatedness and antigenic relat-
edness as determined by cross-neutralization assays
strongly suggest that two pestiviruses isolated from wild-
life, namely, Giraffe-1 and Reindeer-1 should be included
as members of two separate novel species within the
genus Pestivirus.
lysis of the E2 coding sequences of 10 pestivirus strains. Sequences
have been published previously and were obtained from the GenBank
nces of BVDV-1 NY-1, BVDV-2 Gi-2, and CSFV Italy and Pader were
ribed in the legend to Fig. 1. Branch lengths are proportional to genetic
upport each labeled interior branch (Felsenstein, 1985; Hedges, 1992).
virus isolates included in the phylogenetic analysis (A) by using the
). To evaluate the relatedness between groups of virus isolates the R
with homologous and heterologous antisera and indicate significant
gnificant and are therefore not drawn to scale.
d against Different Pestivirus Strains
Pestivirus strain
Pader X818 L83/84 Reindeer-1 Giraffe-1
256 128 96 48 128
— — 8 — —
— — 8 — —
— — — — —
768 20 12 16 —
896 40 38 14 —
320 2560 512 192 —
112 1024 1280 64 —
96 96 160 1280 —
— — — — 224tic ana
ndeer-1
seque
as desc
s that s
0 pesti
Table 3
in titersABLE 2
a Raise
Italy
512
8
8
—
768
896
256
96
80
—ing 100–300 TCID50 of the respective virus strain; homologous titers in
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462 AVALOS-RAMIREZ ET AL.MATERIALS AND METHODS
Virus isolates and cells
The pestivirus strains Reindeer-1 (V60-Krefeld) iso-
lated from reindeer (Rangifer tarandus) and Giraffe-1
(H138) isolated from giraffe (Giraffa camelopardalis) as
ell as BVDV-1 strain C86, BVDV-2 strain 890 and BDV
trains X818 and L83/84 have been described previously
Becher et al., 1994, 1997, 1999b; Plowright, 1969; Ridpath
nd Bolin, 1995). BVDV-2 strain Giessen-2 (Gi-2) was
solated from bovine in Germany in 1997. CSFV strains
taly and Pader were obtained from the EU Reference
aboratory for CSF, Hannover, Germany. BVDV-1 strain
Y-1 was provided by E. J. Dubovi (Cornell University,
thaca, NY). BVDV-1 strain C86 and pestivirus strain Gi-
affe-1 cause a cytopathic effect in tissue culture, while
he other strains included in this study are noncytopatho-
enic.
Ruminant pestiviruses were multiplied on Madin-
arby bovine kidney (MDBK) cells obtained from the
merican Type Culture Collection (Rockville, MD), while
orcine PK-15 cells were used for infection with CSFV
solates. Infection of cells was carried out as described
reviously (Becher et al., 1997). Cells were grown in
ulbecco’s modified Eagle’s medium supplemented with
0% horse serum (MDBK cells) or 10% fetal bovine serum
PK-15 cells).
ligonucleotides
Oligonucleotides were purchased from MWG Biotech
mbH (Ebersberg, Germany). The sense primers OL 100,
L P3400, OL W2, OL R1400, OL SCPE2, and OL 11500
s well as the antisense primers OL 200R, OL 380R, OL
400R, OL RP7R1, OL BDV11R, OL 35A, OL 2P7R, and Ol
2200R have been described previously (Becher et al.,
996, 1998, 1999b). Sequences of other oligonucleotides
nd their polarities are described in Table 4.
olecular cloning of genomic sequences
T
Coefficients of A
Pestivirus strain: C86 890 Gi-2 Italy
BVDV-1 NY-1 24.2 3.8 0.9 1.3
C86 5.8 1.8 0.9
BVDV-2 890 89.4 0.4
Gi-2 0.3
CSFV Italy
Pader
BDV X818
L83/84
Reindeer-1RNA preparation, RT, and PCR were done as described
reviously (Becher et al., 1997). The obtained PCR productsere cloned by using the TA cloning kit (Invitrogen, De
chelp, The Netherlands). For pestivirus strain Reindeer-1,
olecular cloning of the genomic region corresponding to
t 118 to 3661 has been reported previously (Becher et al.,
999b). In addition, six overlapping cDNA fragments span-
ing nt 3650 to 12225 of the genomic sequence of Rein-
eer-1 were obtained by RT-PCR with primer pairs OL
3600/OL BDV11R, OL R5150/OL 6850R, OL G6700/OL
200R, OL R8100/OL X9400R, OL R9300/OL R11700R, and
L 11500/OL 12200R (Table 4). Apart from the terminal
equences, the genome of pestivirus strain Giraffe-1 was
loned by eight overlapping cDNA fragments obtained by
T-PCR with primer pairs OL 100/OL 1000R, OL G600/OL
2300R, OL W2/OL GE2A, OL G4200/OL BDV11R, OL
5250/OL 6850R, OL G6700/OL 8200R, OL G8100/OL
11600R, OL G9700/OL G11600R, and OL G11550/OL
2200R. For determination of the 59 and 39 terminal se-
uences of pestivirus strains Reindeer-1 and Giraffe-1, 2 mg
of total RNA from cells infected with either Reindeer-1 or
Giraffe-1 was ligated by using 20 U of T4 RNA ligase (New
England Biolabs) as recommended by the supplier. After
phenol chloroform/extraction and ethanol precipitation, the
pellet was resuspended in 10 ml of bidistilled H2O. A 2.5-ml
aliquot of this solution was used for RT-PCR with primer OL
380R and primer OL G11970 (Giraffe-1) or primer OL R12180
(Reindeer-1). A second, nested PCR was performed with
primer OL 200R and primer OL G12000 (Giraffe-1) or primer
OL R12200 (Reindeer-1). The exact positions of the ends of
the genomic RNAs were deduced from alignments of the
obtained sequences with the terminal sequences of other
pestiviruses; the 59 and 39 ends of pestiviruses are highly
conserved (Becher et al., 1998).
Molecular cloning of E2 genes
The genomic region encoding the entire glycoprotein
E2 was amplified by RT-PCR using (i) primer OL W2 and
primer OL 35A (BVDV-1 NY-1), (ii) primer OL SCPE2 and
primer OL 2P7R (BVDV-2 Gi-2), and (iii) primer OL P2250
and primer OL CS3700R (CSFV strains Italy and Pader).
ic Similarity (R)
Pader X818 L83/84 Reindeer-1 Giraffe-1
0.8 1.8 1.6 0.3 1.2
0.3 0.8 0.7 0.2 0.6
0.1 0.1 0.3 0.1 0.3
0.2 0.1 0.2 0.2 0.5
100.0 5.1 3.4 3.6 0.2
7.5 6.1 3.4 0.2
40.0 7.5 0.1
7.9 0.2
0.2ABLE 3
ntigenFinally, the amplified cDNA fragments were cloned into
pCR2.1 (Invitrogen).
sN
t
1
virus s
tation)
463TWO NOVEL PESTIVIRUS SPECIESNucleotide sequencing
Nucleotide sequences were determined by cycle se-
quencing using a Thermo Sequenase kit (Amersham
Pharmacia Biotech) and the DNA sequencer Licor 4000L
(MWG Biotech). All sequences were determined by se-
quencing three independent cDNA clones.
Phylogenetic analysis
Computer analysis of sequence data was performed
using HUSAR (DKFZ, Heidelberg, Germany) which pro-
vides the GCG (Devereux et al., 1984) and PHYLIP soft-
ware packages (Felsenstein, 1985, 1993). Multiple se-
quence alignments of the nucleotide and deduced amino
acid sequences were generated with programs PILEUP
and CLUSTAL. Phylogenetic trees were constructed for
the complete coding sequences and the individual viral
genes as well as for the respective deduced amino acid
sequence data sets using the neighbor-joining method.
The robustness of the phylogenetic analysis and signif-
icance of the branching order were determined by boot-
strap analysis carried out on 1000 replicates using
PHYLIP programs SEQBOOT and CONSENSE (Felsen-
stein, 1985, 1993; Hedges, 1992). Evolutionary distances
T
Oligonucleot
Oligonucleotide Sequencea
OL R3600 59-GCGAAGTGGTGCTGATAGG-3
OL R5150 59-ACCGACCATGAGAAGTGC-39
OL G6700 59-ACAGAAGCCAAGAGACAGCC
OL 6850R 59-CTCCARTCRTARTTCATCTC-3
OL R8100 59-TAGGGATAGCTGTCATGCTG
OL 8200R 59-GAAGTTYTTYACAAANACYTT
OL R9300 59-ATGACAACTGGGCTAACTCC
OL X9400R 59-GTATTCCCCTTCTTCCATTC-3
OL R11700R 59-ATGCTCAGATTCAGCTGTGC-
OL R12180 59-AGAATGAGATGTAAATAGCAA
OL R12200 59-TCGTAGGGCCACACTACAC-3
OL G600 59-CAACAAGGGCCCAGTGAGTG
OL 1000R 59-ACCACTATYGTAGCATC-39
OL G2300R 59-CAGTGGTTGAAGCAGCATTC
OL G4200 59-TGGAACCTAGATATAGCAGG
OL GE2A 59-TTCACCACTGCCCTCCAG-39
OL G5250 59-ACACCAAGAGCTCCCGTGAG
OL G8100 59-GGCACATAATGCTATAGAGTC
OL G9700 59-CTAGAGGCAACAATCAGGC-3
OL G11550 59-GGGGATCCAATTGCTGCATA
OL G11600R 59-AACCCTGTCCTCTTTAGCTC-
OL G11970 59-CCTATAGTGAACTTAGTCCTG
OL G12000 59-TTATGCTGATGGCTTCTATCG
OL P2250 59-AYTGGTGGCCNTATGARAC-3
OL CS3700R 59-GTCTTNACTGGATTGTTRGTC
a K: G or T; M: A or C; N: A, G, C, or T; R: A or G; S: C or G; W: A or
b Numbers of the positions refer to the genomic sequences of pesti
c The polarity of the oligonucleotides is indicated by 1 (sense orienbetween sequences were estimated by using the Kimura
two-parameter method (Kimura, 1980). wAntisera
Bovine antisera raised against BVDV-1 strain C86 and
BVDV-2 strains Gi-2 and 890 were kindly provided by B.
Makoschey (Intervet International, Boxmer, The Nether-
lands). Pig antisera generated against CSFV strains Italy
and Pader were kindly provided by G. Flo¨gel-Niesmann
(EU Reference Laboratory for CSF, Hannover, Germany).
In addition, a bovine antiserum was produced after in-
fection of a cattle with 5 3 106 TCID50 of BVDV-1 strain
NY-1 each via intranasal (i.n.) and intramuscular (i.m.)
routes; serum was obtained 8 weeks postinfection (p.i.).
Antisera against BDV strains X818 and L83/84, as well as
against pestivirus strains Giraffe-1 and Reindeer-1, were
produced in 6-month-old sheep after inoculation (i.n. and
i.m.) with 2 3 107 TCID50 of the respective pestivirus
train; blood samples were collected at 6 weeks p.i.
eutralization assay
Neutralization experiments were performed in micro-
iter plates. A 50-ml volume of culture medium containing
00–300 50% tissue culture infectious doses (TCID50)
was added to 50 ml of twofold dilutions of antisera in
medium. After 2 h at 37°C, 100 ml of a suspension of
5
ed for PCR
Positionsb Polarityc
3576–3594a 1
5153–5170a 1
6675–6694a 1
6782–6801a 2
8055–8074a 1
8138–8161a 2
9269–9288a 1
9345–9364a 2
11732–11751a 2
12189–12210a 1
12220–12238a 1
601–620b 1
998–1014b 2
2341–2360b 2
4172–4191b 1
4379–4396b 2
5519–5538b 1
8383–8403b 1
11052–10070b 1
-39 11945–11969b 1
11993–12012b 2
12284–12304b 1
12318–12338b 1
2234–2252c 1
3705–3725c 2
or T.
trains Reindeer-1 (a), Giraffe-1 (b), or CSFV Alfort-T (c).
or 2 (antisense orientation).ABLE 4
ides Us
9
-39
9
-39
CAT-39
-39
9
39
C-39
9
-39
-39
-39
-39
-39
9
TAGAG
39
-39
-39
9
-39
T; Y: C2.5 3 10 cells/ml was added to each well and the plates
ere incubated for 3 days at 37°C. Viral replication was
HC
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clonal antibody 8.12.7 (directed against NS3), kindly pro-
vided by E. J. Dubovi (Cornell University, Ithaca, NY), or in
the case of cp virus strains by microscopic examination
of CPE. Each assay was performed in quadruplicate. The
titer was expressed as the reciprocal of the serum dilu-
tion that completely inhibited viral replication in 50% of
the wells.
Calculation of antigenic similarity and dendrogram
analysis
The serological relatedness of pestivirus strains was
determined by calculation of the coefficient of antigenic
similarity (R) between each pair of strains (Archetti and
orsfall, 1950); the following formula was used:
R 5 100 3 ˛ titer strain A with antiserum B3 titer strain B with antiserum Atiter strain A with antiserum A
3 titer strain B with antiserum B
.
Sera with a titer ,8 were assigned a titer of 1. The R
values were averaged to evaluate the similarity between
groups of virus isolates. A dendrogram was constructed
to illustrate the antigenic relatedness of pestiviruses
(Fig. 4B).
Nucleotide sequence accession numbers
Sequence data from this study have been deposited
with the EMBL and GenBank data libraries under Acces-
sion Nos. AF144617, AF144618, and AY027671–AY027674.
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